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Channelopathies are a heterogeneous group of disorders resulting from the dysfunction of ion channels 
located in the membranes of all cells and many cellular organelles. These include diseases of the ner- 
vous system (e.g., generalized epilepsy with febrile seizures plus, familial hemiplegic migraine, episodic 
ataxia, and hyperkalemic and hypokalemic periodic paralysis), the cardiovascular system (e.g., long 
QT syndrome, short QT syndrome, Brugada syndrome, and catecholaminergic polymorphic ventricular 
tachycardia), the respiratory system (e.g., cystic fibrosis), the endocrine system (e.g., neonatal diabetes 
mellitus, familial hyperinsulinemic hypoglycemia, thyrotoxic hypokalemic periodic paralysis, and familial 
hyperaldosteronism), the urinary system (e.g., Bartter syndrome, nephrogenic diabetes insipidus, 
autosomal-dominant polycystic kidney disease, and hypomagnesemia with secondary hypocalcemia), 
and the immune system (e.g., myasthenia gravis, neuromyelitis optica, Isaac syndrome, and anti-NMDA 
[N-methyl-D-aspartate] receptor encephalitis). The field of channelopathies is expanding rapidly, as is 
the utility of molecular-genetic and electrophysiological studies. This review provides a brief overview 
and update of channelopathies, with a focus on recent advances in the pathophysiological mechanisms 
that may help clinicians better understand, diagnose, and develop treatments for these diseases. 
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Introduction 

Channelopathies are diseases that develop because of defects in ion channels caused by 
either genetic or acquired factors (Fig. 1). Mutations in genes encoding ion channels, which 
impair channel function, are the most common cause of channelopathies. Consistent with 
the distribution of ion channels throughout the human body, ion channel defects have 
been implicated in a wide variety of diseases, including epilepsy, migraine, blindness, 
deafaess, diabetes, hypertension, cardiac arrhythmia, asthma, irritable bowel syndrome, 
and cancer'"^'. 

There are remarkable causal heterogeneity (especially genetic) and phenotypic variability 
in channelopathies, which make the diseases challenging to classify. This review wiU cate- 
gorize channelopathies based on the organ system with which they are predominantiy 
associated in both clinical and pathophysiological respects. Nomenclature of genetic diseases 
described in this article can be found at the Online Mendelian Inheritance in Man (OMIM) 
website: http://www.ncbi.nlm.nih.gov/omim. 



Channeiooathies 




Genetic type 



AcQulred type by acquired disorders, drugs, toxins, etc. 



Fig. 1. Two main types of channelopathies. 
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Ion channels 

Ion channels are transmembrane proteins that allow the passive 
flow of ions, both in and out of cells or cellular organelles, following 
their electrochemical gradients. Because the flux of ions across a 
membrane results in electrical currents, ion channels play a key 
role in generating membrane potential and function in diverse 
cellular activities, such as signal transduction, neurotransmitter 
release, muscle contraction, hormone secretion, volume regula- 
tion, growth, motiMty, and apoptosis. Ion channels can be classified 
according to the types of ions passing through them, the factors of 
their gating, their tissue expression patterns, and their structural 
characteristics. Ion channels typically exist in one of the three 
states: open, inactivated closed (refractory period), and resting 
closed (Fig. 2). The gating (opening and closing) of ion channels 
is controlled by diverse factors, such as membrane potential 
(voltage), ligands (e.g., hormones and neurotransmitters), 
second messengers (e.g., calcium and cyclic nucleotides), light, 
temperature, and mechanical changes. Ion channels are formed 
from either a single protein (e.g., cystic fibrosis transmembrane 
conductance regulator, a chloride channel) or, more commonly, 
from an assembly of several subunits, each a protein encoded 
by a different gene. More than 400 ion channel genes have 
been identified*'. Further diversity comes from a number of 
mechanisms, which include the use of multiple promoters, 
alternative splicing, posttranslational modifications, heteromeric 
assembly of different principal subunits, and interaction with 
accessory proteins'"'. 



Channelopathies in the nervous system 

Ion channels are fundamental in neuronal signaling and thus, 
channelopathies can be found in a large and growing number of 
nervous system disorders (Table 1). Among the first genetically 
characterized and best-understood channelopathies are those 
that lead to primary skeletal muscle disorders. These muscle 
disorders exhibit a clinical spectrum ranging from myotonia 
(muscle hj^erexcitabilily) to flaccid paralysis (muscle hypoexci- 
tabUity) (Fig. 3). Patients with myotonia congenita present with 
attacks of extieme muscle stiffness because of delayed relaxation 
caused by sustained electrical activities in muscle. Both the 
dominant (Thomsen disease) and the recessive (Becker disease) 
types of the disease are caused by loss-of-function mutations in 
a single gene, CLCNl, which encodes the skeletal muscle chloride 
channel, CIC-1. ClC-1 channels stabilize the resting membrane 
potential and contribute to membrane repolarization after action 
potentials in skeletal muscle cells. When action potentials are 
elicited, potassium ions fiow out of the cell and into the extra- 
cellular fluid and the tiansverse tubular system. According to the 
Nemst equation, the membrane tends to depolarize as extracellular 
potassium levels rise. Functional loss of CIC- 1 channels reduces 
the inward chloride current required to compensate for the depo- 
larization induced by potassium accumulation in the tiansverse 
tubules, thus resulting in spontaneous repetitive firing of action 
potentials and a slower rate of repolarization''. 

Hyperkalemic periodic paralysis is an autosomal-dominant 
disease characterized by recurrent attacks of muscle weakness 
and mild myotonia with concomitant transient hyperkalemia. 
The symptoms usually last for minutes to hours and are triggered 
by fasting, ingestion of potassium-containing foods, or vigorous 
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Table 1. Nervous system channelopathies 

Disease Channel protein Gene 

Achromatopsia type 2 Cyclic nucleotide-gated channei, a3 subunit CNGA3 



Achromatopsia typo 3 


Cyclic nucleotide-gated channel, 33 subunit 


bNbbo 


Aland Island eyG disease 


Cav1 .4; calcium channel, voltage-gated, L type, ctl F subunit 


UAUvA ir 


Andersen-Tawil syndrome 


Kir2.1 ! potassium channel, inwardly-rectifying, subfamily J, member 2 




Benign familial infantile epilepsy 


Nav2.1 : sodium channel, voltage-gated, type II, ct subunit 




Benign familial neonatal epilepsy 


Kv7.2: potassium channel, voltage-gated, KQT-like subfamily, member 2 


l/Ch ID 0 




Kv7.3! potassium channel, voltage-gated, KQT-like subfamily, member 3 




Bestrophinopathy, autosomal-recessive 


Bestrophin 1 


DtOl 1 


Central core disease 


RyRI : ryanodine receptor 1 


DVDi 

nrni 


Charcot-Marie-Tooth disease type 2C 


Transient receptor potential cation channel, subfamily V, member 4 


TPP\//1 


Childhood absence epilepsy 


y-aminobutyric acid A receptor, ctl subunit 






7-aminobutyric acid A receptor, ctG subunit 


bADnAo 




7-aminobutyric acid A receptor, 33 subunit 


PAPPQQ 
bADnDJ 




7-aminobutyric acid A receptor, 72 subunit 


PAPPPO 
bADtlbZ 




Cav3.2: calcium channel, voltage-gated, T type, c(.1 H subunit 


UAUvA in 


CoQnitive impairment with or without cerebellar ataxia 


Navl .6: sodium channel, voltage-gated, type VIII, ct subunit 


CPMQA 


Cone-rod dystropy, X-linked, type 3 


Cavl A\ calcium channel, voltage-gated, L type, ctl F subunit 


PAPhIA 1P 


Congenital distal spinal muscular atrophy 


Transient receptor potential cation channel, subfamily V, member 4 


lnrV4 


Congenital indifference to pain, autosomal-recessive 


Navl .7'. Sodium channel, voltage-gated, type IX, cc subunit 


CpMQA 


Congenital myasthenic syndrome 


Cholinergic receptor, muscle nicotinic, a1 subunit 


CHRNA1 




Cholinergic receptor, muscle nicotinic, 31 subunit 


CHRNB1 




Cholinergic receptor, muscle nicotinic, 6 subunit 


CHRND 




Cholinergic receptor, muscle nicotinic, e subunit 


CHRNE 




Navl .4: sodium channel, voltage-gated, type IV, a subunit 


SCN4A 


Congenital stationary night blindness type 1C 


Transient receptor potential cation channel, subfamily M, member 1 


TRPM1 


Congenital stationary night blindness type 2A 


Cavl .4: calcium channel, voltage-gated, L type, a1 F subunit 


CACNA1F 


Deafness, autosomal-dominant, type 2A 


Kv7.4: potassium channel, voltage-gated, KQT-like subfamily, member 4 


KCNQ4 


Deafness, autosomal-recessive, type 4, with enlarged 
vestibular aqueduct 


Kir4.1: potassium channel, inwardly-rectifying, subfamily J, member 10 


KCNJ10 


Dravet syndrome 


Navl .1 : sodium channel, voltage-gated, type 1, ct subunit 


CPMi A 




y-aminobutyric acid A receptor, 72 subunit 


PAPPPO 

bADnbZ 


Early infantile epileptic encephalopathy type 7 


Kv7.2! potassium channel, voltage-gated, KQT-like subfamily, member 2 


i\bNUZ 


Early infantile epileptic encephalopathy type 1 1 


Nav2.1 ! sodium channel, voltage-gated, type II, ct subunit 


QPhlOA 
OuNZA 


Early infantile epileptic encephalopathy type 13 


Navl .6! sodium channel, voltage-gated, type VIII, oc subunit 


CpMQA 
OUIVOA 


Early infantile epileptic encephalopathy type 14 


KQa4.1; potassium channel, subfamily T, member 1 




tAo 1 /oeoAivit synurome 


Kir4.1 ! potassium channel, inwardly-rectifying, subfamily J, member 1 0 


WPM 11 n 


Episodic ataxia type 1 


Kvl .1 1 potassium channel, voltage-gated, shaker-related subfamily, member 1 


WPM A 1 


Episodic ataxia type 2 


Cav2.1 : calcium channel, voltage-gated, P/Q type, alA subunit 


CACNA1A 


Episodic ataxia type 5 


Cav34: calcium channel, voltage-gated, 34 subunit 


CACNB4 


Familial episodic pain syndrome 


Transient receptor potential cation channel, subfamily A, member 1 


TRPA1 


Familial hemiplegic migraine type 1 


Cav2.1 : calcium channel, voitage-gated, P/Q type, alA subunit 


CACNA1A 


Familial hemiplegic migraine type 3 


Navl .1 : sodium channel, voltage-gated, type 1, a subunit 


SCN1A 


Generalized epilepsy with febrile seizures plus (GEFS-k) 


Nav31 : sodium channel, voltage-gated, type 1, 3 subunit 


SCN1B 




Navl .1 : sodium channel, voltage-gated, type 1, a subunit 


SCN1A 




7-aminobutyric acid A receptor, 72 subunit 


GABRG2 
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Table 1. Nervous system channelopathies (continues) 



Disease 


Channel protein 


Gene 


Generalized epilepsy with paroxysmal dysl<inesia 


KcJ .1 : potassium channel, calcium-activated, large conductance, subfamily IVl, 

rv 1 CI ihi init 

U. 1 bUUUI IIL 


KCNMA1 


Warprli+arv/ hv/npro^nlPviQ 


niv/ninp rpppntnr rv1 ciihiinit 

UiyLII Ic 1 CbCpLUI, \X \ bUULII ML 






nU/ninp rpppntnr R ciihiinit 
uiyuiiic icbcpLUi, p buuuiiii 


OLnD 


l-l\/nDrl^alpmir' nprinrlir nprpK/cic 
ny|jt;i i\ciici iiiu pel lUUiL' pal diybib 


Mp\/1 A' cnrliiim rhannpl \/nltpnP-nptprl t\/np l\/ rt ciihiinit 
iMdv 1 .H. buuiuiii uiidiiiici, vuiLdyc ydLcu, Lypc iv, ll buuuiiii 




l-l\/nnU'alpmir nprinrlir narak/cic +\/np i 
nypuiNdici 1 ML. pciiuuiu pdidiybib type i 


Pp\/1 1 ' nplnii itn rhannpl \/nltanP-nptprl 1 t\/np 1 ci ihi init 

KjOV I.I. Udlt'lUI 1 1 Ul Idl II ICI, VUlLdyC ydLCU, L Lypc, U. 1 O bUUUI IIL 




HvnnUnlpmir nprinrlir narpl\/QiQ t\/np 9 
1 lypuiNdici 1 iiLf luuiu pdi diybio Lypc i- 


Np\/1 A' cnrliiirn rhannpl \/nltpinp-nptprl t\/np l\/ n ciihiinit 
Ndv 1 .H. ouuiuiii ui Idl II ICI, vuiLdyc ydicu, Lypc iv, li> buuuiiii 




lii\/pnilp rnQpiiiar rlpnpnpratinn 
JUVcllliu MldOUIdl Uuyui lul dLIUl 1 


P\/plip ni irlpntiHp-nptpH nhpnnpl R*^ ciihiinit 

LfyullU IIUUICULIUC ydLCU Ul Idl II ICI, pO bUUUIIIL 


UlvuDO 


Iii\/pnilp m\/nrlnnir pnilpnQ\/ 
juvGiiiic 1 1 lyuuiui iiu upiiupoy 


Y-aminnhi it\/rir nriri A rprpntnr fvl ciihiinit 

/ dl 1 III lUUU Ly 1 IL> dLIU M 1 CUCpLUI , KX. \ bUUUIIIL 


RARRA 1 




HavRA" ralriiim rhannpl \/nltpnp-nptp(i R4 ciihiinit 

Wavp^. L>QiL>iUlii IjIrQilEICI, VWILQyC LjQLCU, OUUUIIIL 


C.ACNR4 


^/l^^linnant hv/nprthprmia ci icppntihili+\/ 
ividiiyi lai iL [ lypci u ici 1 1 lid oUQUcpiiuHiLy 


R\/R1 ' r\/pnnrlinp rprpntnr 1 
nyn i , i ydi luuii ic i cucpLui i 


RYR1 
n in 1 




pQ\/1 1 ' pplrii Itn rhannpl \/nltanP-nptprl 1 h/np ciihiinit 
L/dv I.I. udiuiui 1 1 ui Idl II ICI, vuiLdyc ydLCU, L Lypc, UL 1 O bUUUI ML 


L-zH L-/ V/H 1 O 


l\/li irnlinirlncic; li/np l\/ 
iviULUiipiuubib lypc IV 


TRPI\/II 1/miirnlinin 1 
1 nriviL 1 / 1 1 lULUiipii 1 1 


iVIUULlv 1 


iviuiLipic pLciyyiuiii byiiuiuiiic, icLiidi LyptJ 


Ohnlinarnln roppntnr miicpip nipntinir p* 1 ciihiinit 
Lrl lUIII Icl yiL. IcLcpLUI, IIIUbl;lc ItlLULIIIlU, UL 1 bUUUIIIL 






Phnlinprnip rpppntnr itiiicpIp nipntinip f\ ciihiinit 

Ol lUIII ICI y lU ICUCpLUI, IIIUbLIC llluULIIIIU, U bUUUIIIL 


unn/'/L/ 




Phnlinprnip rpppntnr itiiicpIp nipntinip V ciihiinit 

Lfl lUIII ICI y lU ICUCpLUI, IIIUbLjIC 1 IILjULII IIU, / bUUUIIIL 


unnivu 


^/ll^l+inlp ntpr\/niiim c\/nrlrnmp nnnlptln^il h/np /Fcrnhar \/3rian+\ 
IVIUILipit:; piciyyiUIII byi lUI Ul 1 It;, 1 lUI llcLI Idl Lypc ^CbuUUdl VdlldllLJ 


Phnlinprnip rpppntnr itiiicpIp nipntinip V ciihiinit 

Lil lUIII ICI y lU ICLiCpLUI, lilUbLjIC 1 lllfULII IIL, / bUUUIIIL 


rHRNn 

unni vu 


^/l\/n+nni^^ rnnnpnita ai itncnmpl-rlnminant /Thnmcpn rlicpacp^ 
iviyuLui lid LUI lyui II Id, duiubui i idi uui i ni idi il ^ 1 1 lui i ibci i uibadbcy 


PIP-1 ' phlnririp phannpl 1 v/nltpnp-natprl 
L/ILi 1 . LI IIUI lUC Ul Idl II ici 1 , vuiLdyc ydLCU 


n r/\fi 


ft/l\yntnnici rnnnpnita ai itncnmal-rpppcQi\/P ^Rprl^pr rlicPQCP^ 

IviyULUIIId LfUl lycl llld, dUlUbUllldl IcUCbOlVU ^DcUMlil UlbtJdbC^ 


PIP-1' phlnririp phannpl 1 v/nltpnp-natprl 

LilLi 1 . LI IIUI lUC Ul Idl II ICI 1 , vUlLdyC ydLCU 


UL Ulv 1 


Nnrtiirnpj frnntai Inhp pnilpnQ\/ t\/np 1 
NULiLuiiidi iiuiiLdi luuc cpiicpby lypt' 1 


Phnlinprnip rpppntnr npiirnnal nipntinip nA ciihiinit 

Lil lUIII ICI y lU ICLCpLUIj llCUIUIIdl 1 IILjULII IIU, bUUUIIIL 


CHRNAd 


Mnp+iirncil frnn+cil Inhp pnilpnc;\/ t\/np 
iMUbLuiiidi iiuiiLdi luuc cpiicpby type o 


Phnlinprnip rpppntnr nptirnnpl nipntinip RQ ciihiinit 

Lfl lUIII ICI y lU ICUCpLUI, llCUIUIIdl IIIUULIIIIU, pzl bULJUIIIL 


CHRhlRP 


Mnp+iirnQl frnn+3l Inhp pnilpnc\/ t\/np A 
iMULLUiiidi iiuiiLdi lUUc cpiicpby Lypc M- 


Phnlinprnip rpppntnr npiirnnpl nipntinip nO ciihiinit 

Lfl lUIII ICI y lU ICUCpLUI, llCUIUIIdl 1 IILjULII IIU, UlZ. bUUUIIIL 


PRRA/AP 
unni v/-\iL. 


Nnrtiirnfil frnntal Inhp pnilpnQ\/ t\/np R 
NUbLuiiidi iiuiiLdi luuc cpiicpby type u 


K A '] ' nntpccii im phannpl ci ihfarniK/ T rnpmhpr 1 

Ca ' pULdbblUI II LlldllllCI, bUUIdlllliy 1, IIICII lUCI 1 


KCNT1 


Poro m\/n+nniQ mnnpnito 
rdl dl 1 lyuLUl lid Lul lycl 11 Id 


Mq\/1 A' cnHli im phQnnpl i/nltonp notpH t\/np l\/ rv ciihiinit 
IMdv \ ,H. oUUIUI 1 1 LI Idl II Icl, vUlLdyc ydLcU, type IV, u. bUUUI IIL 




Pprnv\/cmal pv+rpmp nain rlicnrrlpr 
rdiuAybiiidi caliciiic pdiii uibuiuci 


Mqv/I V- Qnrliiim phannpl \/nltpnP-nptprl t\/np lY (y ciihiinit 
IMdv 1 . / . OUUIUI 1 1 ui Idl II ICI, VUlLdyc ydLCU, Lypc ia, u. buuui ml 




ruidbbiuiii dyyidvdicu iiiyuLuiiid 


Ma\/1 A' cnHiiim phunnpl \/nltQnP-nptprl t\/np l\/ rt ciihiinit 
iMav \ .H. ouuiui II uiidiiiici, VUlLdyc ydLCU, Lypc iv, lx buuuiiiL 




Primpn/ pr\rthprmQlni^i 
niiiidiy ci yii ici 1 1 idiy Id 


Mp\/1 7" cnHiiim phannpl v/nltctnp-nptprl t\/np lY rv ciihiinit 
iMdv 1 . / . buuiui 1 1 ui Idl 11 ICI, VUlLdyc ydicu, Lypc ia, ul buuui ml 




Rptinitic ninmpn+nca +\/np pi itncnmal-rpppcciv/p 
ncLitiiiib piyi 1 ici iLUbd type ho, duiubuiiidi icbcbbivc 


P\/plip ni iplpntiHp-nptpH phpnnpl R1 ciihiinit 

LfyUIIU ilUUICULlUC ydLCU LlldllllCI, p l bUUUIIIL 


UlvUD 1 


Rptinitic ninmpn+nQS +\/np AQ pi itncnm!3l-rpppcci\/P 
ntiLiiiiLib piyi 1 itii ILUbd type m-cj, duiubuiiidi ict^cbbivc 


P\/plip ni iplpntiHp-nptprI phpnnpl rv1 ciihiinit 
LiyUIIU 1 lUUICULlUC ydLCU l<lldllllCI, Ul oUUUIIIL 




Rptinitic ninmpntncp t\/np pi itncntnpl-Hnminant 
ncLiiiiiib piyi 1 ici ILUbd Lypt; ju, dULUbuiiidi uuiiiiiidiiL 


Rpctrnnhin 1 

DCbLIUpillll 1 


RF^T1 

DEO 1 I 


Scapuloperoneal spinal muscular atrophy 


Transient receptor potential cation channel, subfamily V, member 4 


TRPV4 


Small fiber neuropathy 


Navl .7: sodium channel, voltage-gated, type IX, a subunit 


SCN9A 


Spinocerebellar ataxia type 6 


Cav2.1 : calcium channel, voltage-gated, P/Q type, a1 A subunit 


CACNA1A 


Spinocerebellar ataxia type 1 3 


Kv3.3: potassium channel, voltage-gated, Shaw-related subfamily member 3 


KCNC3 


Vltelllform macular dystrophy 


Bestrophin 1 


BEST1 


Vltreoretlnochoroldopathy 


Bestrophin 1 


BEST1 



Nomenclature Is based on the OIVIIIVI and the current report of the International League Against Epilepsy Commission' 



exercise. Transient normokalemia, or even hypokalemia, can be 
measured during attacks, thus making the disease occasionally 
challenging to diagnose"'. Gain-of-function mutations in the 
skeletal muscle voltage-gated sodium channel gene, SCN4A, impair 
channel inactivation and cause a persistent inward sodium current, 
which leads to increased membrane excitability and myotonia 
or reduced excitability with flaccid paralysis depending on the 
degree of membrane depolarization. Mild membrane depolari- 
zation allows wild-type sodium channels to oscillate between 



recovery from inactivation and reactivation by mutant channels, 
which results in the repetitive action-potential firing that 
can lead to myotonia. More severe depolarization inactivates 
most sodium channels and causes membrane inexcitability 
and flaccid paralysis". Prolonged membrane depolarization 
enhances the activity of voltage-gated potassium channels, 
which amplifies potassium efflux from muscle cells and thereby 
increases in serum potassium levels^'. Allelic disorders with 
certain phenotypes overlapping those of hyperkalemic periodic 
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Muscle hyperexcitatiility 



Muscle hyDoexcitabllity 




Myotonia 
congenita 



Potassium- 
aggravated 
myotonia 



Paramyotonia 
congenita 



Hyoerkalemic 

oeriodic 

paralysis 



J 



Hypokalemic 

periodic 

paralysis 



Andersen- 

Tawil 

syndrome 



Fig. 3. Diagram showing a clinical spectrum of muscle ctiannelopattiies ranging from myotonia to flaccid paralysis. 



paralysis are potassium-aggravated myotonia and paramyotonia 
congenita, in which mutations in SCN4A result in a similar gain-of- 
channel function as described above. Exercise worsens muscle 
stiffness in paramyotonia congenita, whereas classical myotonia 
is alleviated by exercise (hence paradoxical myotonia or /para- 
myotonia). 

Hypokalemic periodic paralysis is the most common form of 
periodic paralysis and the majority of the cases are caused by 
mutations in the skeletal muscle voltage-gated calcium channel 
gene, CACNAIS, or the sodium channel gene, SCN4A'°\ Being 
located at the hypoexcitable end of the spectrum of muscle 
channelopathies, myotonia is not detected in this disease. The 
duration of paralytic attacks is longer than that in hyperkalemic 
periodic paralysis (usually for hours and sometimes days). Although 
respiratory and cardiac muscles generally remain unaffected in 
hypokalemic periodic paralysis, life-threatening respiratory in- 
sufficiency and cardiac arrhjrthmias have been reported in and 
out of the country""'^'. The mutant channels responsible for hy- 
pokalemic periodic paralysis have been known to generate an 
inward cation leakage current (referred to as the gating-pore 
current), which renders muscle fibers of patients susceptible 
to aberrant depolarization in response to low extracellular 
potassium levels"'"'. Alterations in the expression, subcellular 
localization, and/or kinetics of non-mutated potassium channels, 
which reduce outward potassium currents, have been implicated 
in the development of hypokalemia as well as pathological 
depolarization'^ The reason why potassium channels are 
affected by mutations in the CACNAIS or SCN4A gene has 
long remained elusive. However, given that skeletal muscle 
fibers from patients with hypokalemic periodic paralysis have 
been found to possess higher intracellular calcium levels than 
normal cells"', it now appears that calcium-activated potassium 
channels hold the key to this conundrum. Indeed, we have 



recentiy identified altered subcellular distribution of a calcium- 
activated potassium channel in skeletal muscle cells of patients 
with hypokalemic periodic paralysis (in preparation). 

Andersen-TawU syndrome is another example of channelopathies 
that exhibits dyskalemic (hyper- or, more typically, hypo-kalemic) 
periodic paralysis together with characteristic dysmorphic features 
(e.g., craniofacial, dental, and skeletal anomalies) and cardiac 
arrhythmias by mutations in an inwardly-rectifying potassium 
channel, Kir2.1. Kir2.1 stabilizes the resting membrane potential 
in cardiac and skeletal muscle cells and is responsible for termi- 
nating the repolarization phase of the cardiac action potential. 
Loss-of-function mutations that alter the kinetics or membrane 
trafficking of Kir2.1 channels result in sustained depolarization 
and delayed cardiac repolarization with an increased risk of 
arrhythmia in Andersen-Tawil syndrome"". 

Congenital myasthenic sjmdrome is a heterogeneous group of 
genetic disorders of the neuromuscular junction that can arise 
from presynaptic, sjmaptic, or postsynaptic defects. Most of the 
defects are postsynaptic, with the majority of these being caused by 
mutations in the muscle nicotinic acetylcholine receptor (nAChR), a 
ligand-gated non-selective cation channel. Activation of nAChRs 
by acetylcholine released from motor nerve terminals causes 
sodium influx into muscle cells, which induces cell membrane 
depolarization and the subsequent cytosolic release of calcium 
from the sarcoplasmic reticulum (SR) that is required for muscle 
contraction. Thus, defects in nAChRs lead to the failure of synaptic 
transmission at the neuromuscular junction and the consequent 
symptoms of congenital myasthenic syndrome, which include 
fatigable weakness of ocular, bulbar, and limb muscles occurring 
shorfly after birth or in early childhood. Decreased nAChR activity 
can also result from defective channel assembly caused by mu- 
tations in rapsyn (receptor-associated protein of the synapse) or 
MuSK (muscle-specific kinase)"'. Mutations in nAChRs can also 
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cause multiple pterygium syndromes comprising a group of dis- 
orders with multiple congenital anomalies, suggesting that the 
nAChR is vital for organogenesis as well as neuromuscular signal 
transduction. The phenotypic features of congenital myasthenic 
syndrome are similar to those of myasthenia gravis, but conge- 
nital myasthenic syndrome is not an autoimmune disease. Neuro- 
logical channelopathies with an autoimmune etiology will be 
discussed in the section on the immune system. 

Channelopathies that primarily affect neurons include certain 
types of epilepsy, ataxia, migraine, hj^erekplexia, blindness, 
deaftiess, and peripheral pain syndromes. Generalized epilepsy 
with febrile seizures plus (GEFS+) is a familial epilepsy syndrome 
that displays a broad spectrum of clinical phenotypes ranging 
from classical febrile seizures to Dravet syndrome™'. Dravet syn- 
drome (also known as severe myoclonic epilepsy of infancy) is 
the most severe form that results from mutations in a voltage- 
gated sodium channel gene, SCNIA, or a y-aminobutyric acid 
(GABA) receptor gene, GABRG2^^\ Patients with Dravet sjmdrome 
suffer from refractory seizures, ataxia, and severe developmental 
delay with poor outcomes. The Navl . 1 channel, which is encoded by 
SCNIA, is one of nine a subtypes (Navl.l-Navl.9) of voltage-gated 
sodium channels and this subtype is preferentially expressed in 
GABAergic neurons. The GABA^ receptor, which is encoded by 
GABRG2, is the major inhibitory neurotransmitter receptor in the 
central nervous system (CNS). Dysfunction of Navl. 1 channels or 
GABAa receptors can lead to reduced excitability of GABAergic 
neurons, thus resulting in brain hyperexcitability in patients 
with Dravet syndrome. A correlation between an increase in the 
severity of Navl. 1 dysfunction and the phenotypic severity in 
the GEFS+ spectrum has been proposed: mild impairment causes 
febrile seizures and severe defect leads to Dravet syndrome™'. 
Mutations in GABA^ receptors have also been identified in other 
types of epilepsy, such as juvenile myoclonic epilepsy and child- 
hood absence epilepsy^^"^^'. 

Other examples of allelic channelopathies in the CNS include 
familial hemiplegic migraine type 1 (FHMl), episodic ataxia type 
2 {EA2), and spinocerebellar ataxia type 6 (SCAB), each of which 
is associated with different mutations in the same gene, CACNAIA, 
that encodes the pore-forming al subunit of the P/Q type voltage- 
gated calcium channel, Cav2.1. Mutations responsible for FflMl 
produce gain-of-function effects on Cav2.1 channels, which increase 
channel activity, synaptic tiansmission, and susceptibility to cortical 
spreading depression^'"', whereas the allelic mutations responsible 
for EA2 induce a loss-of-channel function, which results in 
decreased calcium currents through Cav2.1^". Cav2.1 is highly 
expressed in cerebellar Purkinje cells, in which the channel me- 
diates neurotiansmitter release. Reduced Cav2.1 channel activity 
can lead to a decrease in output signals from Purkinje cells and 
thereby contributes to cerebellar dysfunction in EA2. SCA6 is 
caused by CAG repeat expansions in CACNAIA that confer a 



toxic gain-of-function effect: mutant Cav2.1 channels are in- 
completely degraded and form insoluble aggregates and inclu- 
sion bodies within Purkinje cells™'. 

FamOial paroxysmal dyskinesias, which include paroxysmal 
kinesigenic dyskinesia, paroxysmal nonkinesigenic dyskinesia, 
paroxysmal exertion-induced dyskinesia, and paroxysmal hyp- 
nogenic dyskinesia, are an emerging group of channelopathies. 
Paroxysmal hypnogenic dyskinesia, which is also referred to as 
autosomal-dominant nocturnal frontal lobe epilepsy in certain 
cases, is a partial epilepsy that is characterized by brief seizures 
during sleep. The disease has been associated with mutations in 
neuronal nAChR genes {CHRNA2, CHRNA4, and CHRNB2] and a 
calcium-activated potassium charmel gene {KCNTlfK Mutations 
in neuronal nAChR genes result in either increased acetylcholine 
sensitivity or reduced calcium dependence of the receptor res- 
ponse^"'. 

Hereditary hyperekplexia, also called startle disease or stiff 
baby syndrome, is one of the first ligand-gated channelopathies 
to be characterized; this disease is caused by mutations that 
alter the kinetics or membrane density of the heteromeric aip 
glycine receptor chloride channel. Glycine is a major inhibitory 
neurotransmitter in the CNS, and glycine receptors are predo- 
minantiy expressed by the inhibitory intemeurons of the spinal 
cord and brainstem. Impaired function of glycine receptors or 
associated proteins manifests the characteristic clinical symptoms 
of hyperekplexia, including exaggerated startie responses and 
marked hypertonia in response to sudden tactile or auditory 
stimuli. The onset of the initial episode occurs as early as in the 
neonatal period and the symptoms tend to resolve with age^". 

A multifaceted syndrome called EAST (epilepsy, ataxia, sen- 
sorineural deaftiess, and tubulopathy) or SeSAME (seizures, sen- 
sorineural deafness, ataxia, mental retardation, and electiolyte 
imbalance) was recentiy described by two independent groups^^''^'. 
This syndrome is caused by loss-of-function mutations in an 
inwardly- rectifying potassium channel, Kir4.1, which has a pi- 
votal role in glial function, neuronal excitability, and systemic 
potassium homeostasis^^'. 

Pain channelopathies are another emerging class of neurological 
disorders in which dysfunctional channels represent potential 
pharmaceutical targets. A number of different channels are widely 
expressed in nociceptive neurons, and deficits in channels have 
been found to be associated with diverse steps of defective pain 
pathways. Familial episodic pain syndrome, primary erythermalgia 
(or eiythromelalgia), and paroxysmal extreme pain disorder, all 
of which typically begin in childhood or infancy, are known 
to result from gain-of-function mutations of a voltage-gated 
sodium channel, Navl. 7, or a transient receptor potential (TRP) 
cation channel, TRPAl, that cause abnormal electrical firing, 
thus rendering neurons hyperexcitable^'". Conversely, loss-of- 
function mutations of Navl. 7 lead to congenital indifference to 
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pain^ . Hereditary motor and sensory neuropathy type nC (also 
known as Charcot-Marie-Tooth disease type 2C), congenital distal 
spinal muscular atrophy, and scapuloperoneal spinal muscular 
atrophy are allelic disorders with overlapping phenotypes derived 
from mutations in a TRP cation channel gene, TRPV4. TRPV4 
mutations have also been implicated in skeletal dysplasias that 
include metatropic dysplasia, spondylometaphyseal dysplasia 
Kozlowski type, brachyolmia type 3, spondyloepiphyseal 
dysplasia Maroteaux type, familial digital arthropathy with 
brachydactyly, and parastremmatic dysplasia^*"'. TRP channels 
are non-selective cation channels that play critical roles in 
intracellular signaling and homeostasis of calcium and/or 
magnesium. Mammalian TRP channels belong to six subfamilies: 
TRP canonical fTRPC), TRP vanilloid (TRPV), TRP melastatin fTRPM), 
TRP ankyrin (TRPA), TRP polycystin (TRPP), and TRP mucolipin 
(TRPML). Mutations of the TRPMLl channel (also termed mucolipin 
1), a member of the TRPML subfamily, cause mucolipidosis 
type IV, an autosomal-recessive neurodegenerative lysosomal 
storage disorder that is characterized by severe psychomotor delay 
and visual impairment worsening over time. Loss-of-function 
mutations of TRPMLl channels have been shown to disturb calcium 
permeability and lysosomal acidification in affected cells"', 
but the precise pathophysiological mechanism underlying the 
clinical manifestations of the mutations remains to be elucidated. 



Channelopathies in the cardiovascular system 

Cardiac action potentials are generated from a delicate balance 
of several ionic currents^"' (Fig. 4). When this balance is disturbed 
by ion channel dysfimction, life-threatening cardiac arrhythmias 
may occur. Cardiac channelopathies are likely responsible for 
approximately half the sudden arrhythmic death syndrome 
cases^*" and for at least one out of five sudden infant death syn- 
drome cases'"". Mutations in calcium, sodium, potassium, and 
TRP channel genes have been identified to cause a variety of 
cardiac arrhythmic disorders (Table 2), and polymorphisms have 
been suggested to be risk factors*". 

The first genetically identified cardiac disorder is congenital 
long QT syndrome (LQTS). Congenital LQTS, the most common 
form of cardiac channelopathy, is characterized by prolonged 
ventricular repolarization, predisposing to a high risk of ventricular 
tachyarrhj^thmias (e.g., torsade de pointes), syncope, and sudden 
cardiac death. To date, 13 types of LQTS have been linked to 
mutations in genes that encode ion channels or associated pro- 
teins*". LQTS can also be induced by acquired factors, such as 
acquired diseases, drugs, and elecfrolyte abnormalities (hypocal- 
cemia, hypokalemia, and hypomagnesemia). Loss-of-function 
mutations of potassium channel genes (KCNQ1,KCNH2, KCNEl, 
KCNE2, KCNJ2, and KCNJ5] in LQTS reduce the repolarizing 



currents (Ik,, l^, and l^,) required to terminate the cardiac action 
potential, leading to a prolongation of the QT interval. Gain-of- 
fiinction mutations in calcium channel (CACNAlQ and sodium 
channel genes (SCN5A and SCN4B) in LQTS cause delayed 
channel closing and inactivation, responsible for prolonged 
inward currents and depolarization with a resultant increased 
QT interval. By contrast, loss-of-fiinction mutations in calcium 
channel genes (CACNAIC, CACNB2, and CACNA2D1] and gain- 
of-function mutations in potassium channel genes {KCNH2, 
KCNQl, and KCNJ2) enhance repolarization, resulting in the 
abnormal shortening of the cardiac action potential in short 
QT syndrome*". Loss-of-function mutations in sodium channel 
genes have been identified to cause Brugada syndrome, familial 



• Outward K* 
current lltoi) 



• Inward Ca'* current (Icul 




Time — > 

Fig. 4. Major ionic currents that contribute to the cardiac myocyte action 
potential in relation to the surface electrocardiogram. I,„,, transient outward 
potassium current; IcaL, L-type inward calcium current; Ik,, rapid delayed- 
rectifier potassium current; Iks, slow delayed-rectifier potassium current; 
Iki, inwardly-rectifying potassium current. 
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Table 2. Cardiac channelopathies 



UlbCdbC 


Phannpl nrnfpin 
UI lal II Icl pi Ulcll 1 


Ggpg 


Atrial c+^inHctill 
MLI lal oLdl lUbUII 


Ma\/1 cnrliiim nhannpl \/nltanP-natpH t\/np \/ fy ciihiinif 
iNdv 1 .J. buuiui II UI Idl II Icl, vuiidyc ydLcu, lypc v, u, buuuiiii 




Rri inaria c\/nrlrnmD +\/nD 1 
Dl uyctUa oyllUlUlilU Lypu I 


Ma\/1 Qnrliiim nhannpl \/nltanP-natprl t\/np \/ rv ciihiinit 
wav I.J. buuiui II UI Idl II Icl, vulidyc ydLcu, lypc v, ix buuuiiii 




RninprlQ c\/nrlrninD +\/nD T /chnrt OT c\/nrlrnmp "h/np A\ 
Dt uydud byiiuiuNic Lypco^biiuiiui byiiuiuiiic type 


Pa\/1 9" palriiim nhannpl \/nltanP-natpH 1 t\/np rv1P ciihiinit 
L/dv 1 .iL. udiuiui 1 1 UI Idl II Icl, vuiLdyc ydicu, l lypc, u. i Li buuui ml 




Rriinprla c\/nrlrnmD +\/nD A /chnrt OT c\/nrlrnmp +\/np ^\ 
Dl uydUd byiiuiuMic LypcM-^biiuiLwi byiiuiuiiic lypc uj 


Pa\/f-l9' nalniiim nhannnl \/nltanP-natprl f-19 ciihiinit 
udvp^. udiuiuiii uiidiiiici, vuiidyc ydLcu, buuuiiii 




RriinpHa c\/nHrnmp +\/np ^ 
Dl uydUd byiiuiuiiic Lypc o 


Ma\/R1" cnrliiim nhannpl \/nltanp-natprl t\/np 1 R ciihiinit 
iMdvp 1 . buuiui M uiidiiiici, vuiLdyc ydLcu, lypc i, p ouuui iii 


UUIV 1 D 


Dl uydUd byiiuiuiiic type u 


Pntacciiim nhannpl \/nltanP-natpH IcU-rplafprl ciihfamil\/ mpmhpr R 
ruLdbbiuiii uiidiiiici, vuiLdyc ydicu, ibi\ icidicu ouuidiiiiiy, iiiciiiuci o 




Dl uydUd byiiuiuiiic type / 


Ma\/RR" cnrliiim nhannpl \/nltanp-natprl t\/np III R ciihiinit 
iNdvpo. buuiuiii uiidiiiici, vuiLdyc ydLcu, lypc iii, p buuuiiii 


uUlvuD 


RriinpiHa Qundrnmp t\/np R 
Dl uydUd byiiuiuiiic i-ypt^ o 


H\/nprnnlari7atinn-apti\/atprl p\/rlir ni iplpntidp-natpri nntacciiim nhannpl A 
1 lypci puidi iz.dLiui 1 du LI vaLcu uyiii lu 1 luuicuuuc ydLcu puidobiui II UI lul II Icl H 


HCN4 


Pptpphnlaminprnir' nnl\/mnrnhip \/pn+rinilpr +prh\/rQrrlia +\/np 1 
udLcui luidi 1 III ici y 10 puiyi 1 lui pi iiu vciiLiiuuidi Lduiiyudiuid lypu i 


R\/R9' r\/annrlinp rpppntnr 9 
nyn^. lydiiuuiiic icucpiui ^ 


RVR9 


uiidicu udi uiui I lyupdLi ly lypc ic 


Ma\/1 cnrliiim nhannpl \/nltanP-natpH t\/np \/ rv ciihiinit 
wav I.J. buuiui II UI Idl II Icl, vuiidyc ydLcu, lypc v, ll buuuiiii 


JL'IViJri 


uiidicu udi uiui 1 lyupdii ly type iw 


ATP-hinrlinn naccpftp ciihfamilu C mpmhpr Q fci ilfnn\/li irpa rpppntnr 9^ 
Mir uiiiuiiiy udbbciLG, buuidiiiiiy w, iiiciiiuci j ^buiiui lyiui cd icucpiui c.j 




rdiiiiiidi diiiiyLiiii luyci iiu i ly i il vci ili luuidi uyopidoid lypc c. 


R\/R9' n/annrlinp rpppntnr 9 
nyn^. lydiiuuiiic icucpiui il 


RYR9 


rdlllllldl dll Idl IIUI lllaLlUl 1 type O 


WmT 1' nntacciiim phannpl \/nltanP-natprl k'OT-lil<'P ciihfamih/ mpmhpr 1 
r\v / . 1 . puLdbbiui 1 1 UI Idl II Icl, vuiLdyc ydLcu, r\u i iit\c buuidiiiiiy, iiici i luci i 


AL'/vb/ / 


Fpmilipl ptrial fihrillntinn t\/np A 
rdlllllldl du Idl iiuiiiiaLiuii i-ypc H- 


Pntaccii im nhannpl \/nltanp-natpfi lck-rplatpri ci ihfamiK/ mpmhpr 9 
ruLdbbiuiii uiidiiiici, vuiLdyc ydicu, ib(\ icidicu buuiditiiiy, iiiciiiuci l. 


KCNE2 


rdlllllldl dU Idl IIUI llldLIUl 1 type / 


L<'\/i f-i' nntoccli im phonnpi i/nitonp natpri chal/or rpiotprl ciihfamik/ mpmhpr R 
r\V 1 . J. pULdbblUII 1 UI Idl II Icl, VUlLdyc ydLcU, bl IdrVcl 1 cldlcU bUUIal 1 11 ly, 1 1 Icl 1 lUcl J 


nUlvMO 


rdlllllldl dll Idl IIUI llldLIUl 1 Lypc u 


l^ir9 1 ' nntacciiim nhannpl in\A/arrll\/-rpptif\/inn ciihfamiK/ 1 mpmhpr 9 
i\\\/L. 1 . puLdbbiuiii UI Idl II Icl, iiivvdiuiy icULiiyiiiy, buuidiiiiiy j, iiiciiiuci c. 


KCM 19 

A Lii ^Jc. 


Familial atrial fihrillatinn t\/np 1 0 
rdlllllldl dll Idl iiuiiiidLiuii lypc lu 


Na\/1 R' cnrliiim nhannpl \/nltanp-natprl t\/np \/ rv ciihiinit 
i>dav I.J. buuiui II UI Idl II ici, vuiidyc ydicu, lypc v, ix buuuiiii 




Familial atrial fihrillatinn t\/np 1*? 
rdlllllldl dll Idl IIUI llldLIUl 1 Lypc \ c. 


ATP-hinHinn naccpftp ci ihfamiK/ P mpmhpr Q 
Mir uiiiuiiiy udbbcLLc, buuidiiiiiy u, iiiciiiuci a 


ARCCQ 


|pr\/pll anH 1 annp-Miplcpn c\/nHrnmp t\/np 1 
jcivcii dl lu Ldi lyc i^icibcii byiiuiuiiic lypc i 


WmT 1' nntacciiim nhannpl \/nltanP-natpH k'OT-liU'P ciihfamih/ mpmhpr 1 
r\v / . 1 . puLdbbiui 1 1 UI Idl II Icl, VUlLdyc ydicu, r\u i iiisc buuidiiiiiy, iiici i luci i 




|pr\/pll anri 1 annp-Miplcpn c\/nrlrnmp t\/np 9 
jcivcii dl lu Ldi lyc Nicibcii byiiuiuiiic lypc z. 


Pntacciiim nhannpl \/nltanP-natpH IcU-rplafpH ci ihfamiK/ mpmhpr 1 
ruLdbbiuiii uiidiiiici, VUlLdyc ydicu, ibt\ icidicu buuidiiiiiy, iiiciiiuci i 


KCNFI 


1 nnn CYT o\/nrlrnmp t\/np "1 

LUI ly u 1 byi lui ui 1 ic Lypc i 


\C\i7 1" nntQccii im nhonnpl i/nltonp natpri k'OT lil/p ciihtomik/ mpmhpr 1 
i\V/ . 1 . pULdbblUl 1 1 UI Idl 11 Icl, VUlLdyc ydLcU, i\U 1 lltNc bUUIdl i lliy, 1 1 Icl 1 lUcI 1 


kTMD 1 


1 nnn CYT c\/nrlrnmp t\/np 0 
LUI ly u 1 byi lui UI i ic lypc ^ 


i 1 ' nntaccii im nhannpl \/nltanP-natprl ci ihfamiK/ l-l mpmhpr 9 
r\v 1 1 . 1 . puLdbbiui 1 1 UI Idl II Icl, VUlLdyc ydicu, buuidiiiiiy n, iiicii luci c. 


KCNH? 


1 nnn OT cv/nrlrnmp t\/np 
LUI ly u 1 byi lui UI i ic lypc o 


Ma\/1 cnrliiim nhannpl \/nltanP-natprl t\/np \/ n ciihiinit 
iMav I.J. buuiui II UI Idl II Icl, VUlLdyc ydLcu, lypc v, u. buuuiiii 




1 nnn CYT oi/nrlrnmp t\/np ^ 

LUI ly w 1 byi lui UI i ic Lypc j 


PntQcciiim nhonnpl i/nltonp natpH Icl/ rplatpri oiihfamiK/ mpmhpr "1 
rULdbblUllI Ulldllllcl, VUlLdyc ydLcU, lb(\ IcldlcU oUUIolllliy, lllclllUcI 1 


kTMFI 
nUlvlI 1 


1 nnn CYT c\/nHrnmp t\/np R 
LUI ly \j 1 byi lui UI 1 Ic Lypc u 


Pntacciiim nhannpl \/nltanP-natpH IcU-rplafpH ci ihfamiK/ mpmhpr 9 
ruLdbbiuiii Ulldllllcl, VUlLdyc ydicu, ibt\ icidicu buuidiiiiiy, iiiciiiuci c. 


KCNFP 

A UI vEtL 


1 nnn CYT c\/nHrnmp t\/np 7 /AnHprcpn-Ta\A/il c\/nHrnmp^ 
LUI ly LI 1 byi lui UI 1 Ic lypc / ^^Mlluclbcll idvvii byiiuiuiiicy 


I^ir9 1 ' nntacciiim nhannpl in\A/arrlK/-rpptif\/inn ciihfamih/ 1 mpmhpr 9 
rMi^. 1 . puLdbbiuiii Ulldllllcl, iiivvdiuiy icULiiyiiiy, buuidiiiiiy j, iiiciiiuci c. 


A UI hJc. 


1 nnn OT c\/nrlmmp t\/np fl rPimnthx/ c\/nrlrnmp\ 
LUI ly u 1 byi lui UI i ic lypt^ o ^ i ii i iuli ly byi lui ui i ic^ 


Pa\/1 9" palniiim nhannpl \/nltanP-natpH 1 t\/np rv1P ciihiinit 
udv \ .C-. udiuiui 1 1 UI Idl II Icl, VUlLdyc ydicu, l Lypc, u. i Li buuui ml 


U/-\ Ulv/-\ 1 U 


1 nnn OT c\/nrlrnmp t\/np 1 fl 
LUI ly UI byiiuiuiiic lypc lu 


Ma\/RA" cnrliiim nhannpl \/nltanP-natprl t\/np l\/ R ciihiinit 
NdvpH. buuiuiii Ulldllllcl, VUlLdyc ydLcu, lypc iv, p buuuiiii 


OUI vHD 


1 nnn OT c;\/nrlrnmp t\/np 1 
LUI ly UI byiiuiuiiic lypc lo 


l^ir*^ A' nntacciiim nhannpl in\A/arrll\/-rpptif\/inn ci ihfamiK/ 1 mpmhpr 
rviio.M-. puLdbbiuiii Ulldllllcl, iiivvdiuiy icULiiyiiiy, buuidiiiiiy j, iiiciiiuci j 


A UI <iUU 


MnnnrnnrPCQi\/P familial hpart hlnnU 
NUI ipi uy 1 cbblvc Idlllllldl llcdIL UIUUr\ 


Ma\/1 cnrliiim nhannpl \/nltanP-natprl t\/np \/ n ciihiinit 
Ndv 1 . J. buuiui II UI Idl II Icl, VUlLdyc ydLcu, lypc v, \x buuuiiii 


OUI vUM 


Paroxysmal familial ventricular fibrillation, type 1 


Navl .5! sodium channel, voltage-gated, type V, ct subunit 


SCN5A 


Poyressive familial heart block type lA (Lenegre-Lev syndrome) 


Navl .5: sodium channel, voltage-gated, type V, ct subunit 


SCN5A 


Regressive familial heart block type IB 


Transient receptor potential cation channel, subfamily M, member 4 


TRPM4 


Short QT syndrome type 1 


Kvl 1 .1 ! potassium channel, voltage-gated, subfamily H, member 2 


KCNH2 


Short QT syndrome type 2 


Kv7.1 : potassium channel, voltage-gated, KQT-like subfamily, member 1 


KCNQ1 


Short QT syndrome type 3 


Kir2.1 : potassium channel, inwardly-rectifying, subfamily J, member 2 


KCNJ2 


Short QT syndrome type 4 (Brugada syndrome type 3) 


Cav1 .2: calcium channel, voltage-gated, L type, a1 C subunit 


CACNA1C 


Short QT syndrome type 5 (Brugada syndrome type 4) 


Cav32: calcium channel, voltage-gated, 32 subunit 


CACNB2 


Short QT syndrome type 6 


Cava261 : calcium channel, voltage-gated, a2/61 subunit 


CACNA2D1 


Sick sinus syndrome type 1 , autosomal-recessive 


Navl .5: sodium channel, voltage-gated, type V, a subunit 


SCN5A 


Sick sinus syndrome type 2, autosomal-dominant 


Hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 


HCN4 



Alternative names are in parentheses. 



atrial fibrillation, sick sinus syndrome, familial heart block, and of-fimction mutations (which increase action potential duration) 
atrial standstill"'. It is noteworthy that both gain-of-function in potassium channel genes predispose to atrial fibrillation*^', 
mutations (which decrease action potential duration) and loss- This demonstrates a precise atrial electrophysiological balance 
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in which minor disturbances in either direction can cause atrial 
fibrillation. 

Hjrperpolarization-activated, cyclic nucleotide-gated (HCN) 
channels contribute to the pacemaker current (/j that is respon- 
sible for generating and regulating heart rhythm. Loss-of-fimction 
mutations of HCN4, the major HCN channel subunit in pacemaker 
cells, cause bradycardia'"''. Moreover, cardiac tachyarrhythmias 
have also been shown to be associated with dysfimctional HCN4 
channels*' """. Although the pathogenic role of HCN channel mu- 
tations in cardiac tachyarrhythmias remains to be determined, 
one of the clues can be found in the suggested fiinction of If in 
preventing bradycardia-induced ventricular arrhythmias by in- 
hibiting early after-depolarization'"". 

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is 
characterized by the development of bidirectional polymorphic 
ventricular tachycardia upon exposure to adrenergic stimulation 
in an otherwise normal heart. Experiencing emotional or physical 
stress can induce dizziness, syncope, and/or sudden cardiac death in 
patients with CPVT. Manifestations occur in childhood or ado- 
lescence, with the average onset at age 7-9 years'''". CPVT can 
be inherited in an autosomal-dominant or recessive manner. The 
autosomal-dominant form of CPVT (CPVT type 1) is caused by gain- 
of- fiinction mutations in RYR2, the gene that encodes the cardiac 
ryanodine receptor 2 {RYR2), a major component of RYR2 
channels. RYR2 channels mediate calcium release from the SR 
into the cytosol upon cell membrane depolarization. Defective 
closure of RYR2 channels results in infracellular calcium leakage 
from the SR, which leads to increased potential for delayed after- 
depolarizations and subsequent ventricular tachycardia™'. 



Channelopathies in the respiratory system 

There are a number of ion channels expressed in airway cells 
that have been evaluated, the function of which may contribute 
to pathogenic conditions, but channelopathies in the respiratory 
system may not represent common pathologies in Asian popula- 
tions. This is partly because cystic fibrosis (CP)— the first identified 
and the most common channelopathy that affects the respiratory 
system in Western populations— is rarely diagnosed in Asian 
people. CP is the most prevalent genetic disorder in the 
Caucasian population, with an incidence of approximately 1 in 
2,500 live births^". Patients with CP are vulnerable to severe and 
chronic pulmonary infections and inflammation, which lead to 
irreversible airway damage and respiratory failure in most cases. 
CP exhibits a broad spectrum of symptoms: mild forms can be 
nearly asymptomatic, being diagnosed in middle age as affecting 
a single organ, whereas severe forms manifest not only in 
airways but also in digestive and reproductive systems, with some 
of the symptoms occurring as early as in the prenatal period"'. 



CP is caused by mutations in the cystic fibrosis tiansmembrane 
conductance regulator (CPTR) gene. CPTR fimctions as a chloride 
channel in the apical membrane of epithelia, where the channel 
confrols the volume of liquid on epithelial surfaces by secreting 
chloride and inhibiting sodium absorption. More than 1,600 
mutations in the CPTR gene have been identified"'. These mu- 
tations, which produce varying fiinctional effects on CPTR, are 
considered to cause an abnormal tiansepitheUal flux of chloride 
and sodium, which is accompanied by the passive flow of water 
and results in liquid depletion on the epithelial surface layer. 
Depletion of the airway surface liquid, which impairs ciliary func- 
tion and mucociliary clearance, may lead to recurrent pulmonary 
infections and chronic inflammation in CP patients'"^'. Increased 
knowledge of the molecular pathophysiological mechanism un- 
derlying CP has led to a variety of active clinical trials to identily 
targeted treatments, such as channel-speciflc drugs and gene 
therapy. 

Deficiencies in ion fransport have also been implicated in the 
pathophysiology of asthma. Of particular interest is the role of ion 
channels in the intracellular calcium homeostasis in asthmatic 
airways, which may contribute to smooth muscle confraction in 
the short term and airway remodeling in the long term^". A rise in 
the cytosolic calcium level ([Ca^*]J activates almost all cells of the 
lung, including epitheUal, endothelial, and smooth muscle cells, 
immune cells, and vagal neurons^'". Increasing evidence indicates 
that an altered confrol of infracellular calcium homeostasis may 
be the fundamental biochemical basis of asthma. Several TRP 
channels, which play a critical role in cellular calcium homeos- 
tasis, have been associated with bronchial hyper-responsiveness 
and airway remodeling""''^'. Multiple independent genome-wide 
association studies of childhood asthma revealed a consistent 
and sfrong association with 0RMDL3, a gene that codes for an 
endoplasmic reticulum (ER) protein that regulates ER-mediated 
calcium homeostasis™'. Purthermore, reduced expression of 
sarco/endoplasmic reticulum Ca^*-ATPase 2 (SERCA2) has been 
demonstrated to underlie the abnormal secretory and hyper- 
proliferative phenotype of airway smooth muscle (ASM) in 
asthma. After ASM cells are activated by an elevation of [Ca^*]^, 
SERCA2 reuptakes cytosolic calcium into the SR to restore normal 
[Ca^*](.. Thus, decreased expression and activity of SERCA2 cause 
a sustained increase in [Ca^*]„ which leads to slower return to the 
resting state of ASM cells in asthma"'. 

Respiratory symptoms can also develop in channelopathies 
associated with other systems, such as life-threatening respiratory 
insufficiency in hypokalemic periodic paralysis"', congenital 
myasthenic syndrome*"^', and long QT syndrome"'. Respiratory 
manifestations typically occur when symptoms of the diseases 
are severe. Appropriate management of channelopathies thus 
often requires interdisciplinary approaches. 
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Channelopathies in the endocrine system 

Electrical activity plays an essential role in insulin secretion 
from the pancreatic P cell"'. Endocrine cells, like neurons and 
other excitable cells, use the electrical activity of ion channels to 
maintain or regulate various physiological functions. Defects in 
ion channels have been increasingly shown to cause endocrine 
disorders, including those not generally thought of as channelo- 
pathies (Table 3). 

The adenosine triphosphate-sensitive potassium (Kj^p) channel is 
involved in a wide spectrum of insulin secretory disorders ranging 
from neonatal diabetes meUitus to farmlial hyperinsulinemic hypo- 
glycemia (also known as congenital hyperinsulinism). The K^tp 
channel is a hetero-octameric complex of 4 inwardly-rectifying 
potassium channel subunits, Kir6.x, that form the pore, and 4 
sulfonylurea receptors, SURx, that regulate channel function. 
Katp channels are found in various organs and/or tissues, such as 
the pancreas, brain, heart, smooth muscle, and skeletal muscle"' ''^'. 
In pancreatic p cells, the K^tp channel is composed of Kir6.2 and 
SURl subunits and fimctions as a key regulator of insulin release. 
ATP and phosphatidylinositol 4,5-bisphosphate directly affect 
the Kir6.2 subunit, whereas sulfonylurea and Mg-nucleotides 
control the channel activify through the SURl subunit. The infra- 
cellular [ATP]/[ADP] ratio primarily determines K^xp channel 
activify. An increase in glucose metabolism leads to elevated 
infracellular [ATP], and the binding of ATP to Kir6.2 closes K^pp 
channels, which results in membrane depolarization, calcium 
influx, and insulin secretion. Conversely, when glucose levels are 
low, Mg-ADP opens K^tp channels through the SURl subunit, 
inducing potassium efflux, membrane hyperpolarization, and 
reduced excitabilify of pancreatic p cells'"^'. Thus, the K^pp channel 
couples metabolism to electrical activify. 

Increased K^pp channel activify in pancreatic p cells reduces 
insulin secretion, whereas decreased channel activify increases 



insulin secretion. Therefore, defects in Kapp channel activify can 
lead to either a diabetic or a hyperinsulinemic state. Gain-of- 
fiinction mutations \nABCC8 andKCNJll, the genes that encode 
the SURl and Kir6.2 subunits of the K^pp channel, respectively, 
keep the channels open and cause neonatal diabetes meUitus. By 
confrast, loss-of-function mutations in the same genes close K^pp 
channels and cause hyperinsulinemic hypoglycemia. The me- 
chanism underlying the gain-of-function mutations in neonatal 
diabetes meUitus is either a reduced sensitivify to the inhibitory 
action of ATP or an increased sensitivify to the stimulatory action 
of ADP'"'''. Neonatal diabetes mellitus is usually diagnosed within 
the first 6 months of life. Transient neonatal diabetes mellitus is 
differentiated from permanent neonatal diabetes mellitus based 
on its remission typically within 18 months, with a possible relapse 
during adolescence. Sulfonylureas act directiy on the SURl subunit 
in an ATP-independent maimer and can inactivate K^p chaimels 
even when mutations are present. Therefore, sulfonylureas provide 
glycemic confrol that is as good, or better, than that achieved with 
insulin therapy in most cases of neonatal diabetes mellitus'"'''''". 

The extent of K^pp channel activify has been demonstrated to 
be correlated with the severify of insulin secretory disorders'"'" 
(Fig. 5). Complete loss-of-function mutations of K^pp channels 
lead to a severe phenotype of familial hyperinsulinemic hypog- 
lycemia, whereas mutations disrupting channel function only 
partially result in a less severe phenotype, as in leucine-induced 
hypoglycemia of infancy. Similarly, the most potent gain-of- 
fimction mutations of K^pp channels underlie the triad of develop- 
mental delay, epilepsy, and neonatal diabetes (DEND) syndrome, 
the most severe form of diabetic phenotypes'"''. DEND syndrome 
is a multi-organ syndromic, permanent form of neonatal diabetes 
mellitus in which patients exhibit, besides diabetes mellitus, 
developmental delay, epilepsy, and muscle weakness. Kir6.2 and 
SURl subunits are expressed in exfrapancreatic tissues, including 
the brain (BCfr6.2 and SURl) and skeletal muscle (Kir6.2), which 



Tables. Endocrine channelopathies 



Disease 


Channel protein 


Gene 


Permanent neonatai diabetes meiiitus 


SURl : ATP-binding cassette, subfamily C, member 8 


ABCC8 




Kir6.2; potassium channel, inwardly-rectifying, subfamily J, member 1 1 


KCNJ11 


Transient neonatai diabetes meiiitus type 2 


SURl : ATP-binding cassette, subfamily G, member 8 


ABCCS 


Transient neonatai diabetes meiiitus type 3 


Kir6.2: potassium channel, inwardly-rectifying, subfamily J, member 1 1 


KCNJ11 


Famiiiai hyperinsuiinemic hypogiycemia type 1 


SURl : ATP-binding cassette, subfamily C, member 8 


ABCCS 


Famiiiai hyperinsuiinemic hypogiycemia type 2 


Kir6.2; potassium channel, inwardly-rectifying, subfamily J, member 1 1 


KCNJ11 


Leucine-induced hypogiycemia of infancy 


SURl : ATP-binding cassette, subfamily C, member 8 


ABCCS 


Thyrotoxic periodic paralysis 


Kir2.6; potassium channel, inwardly-rectifying, subfamily J, member 18 


KCNJ18 


Famiiiai hyperaldosteronism type 3 


Kir3.4: potassium channel, inwardly-rectifying, subfamily J, member 5 


KCNJ5 


Osteopetrosis, autosomal dominant, type 2 


CIC-7: chloride channel 7, voltage-gated 


CLCN7 


Osteopetrosis, autosomal recessive, type 4 


CIC-7: chloride channel 7, voltage-gated 


CLCN7 


Osteopetrosis, autosomal recessive, type 5 


Osteopetrosis-associated transmembrane protein 1 


0STM1 
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Fig. 5. Diagram iiiustrating tiie reiationsiiip between Kajp ciiannei activity and insuiin secretory disorders. 



accounts for the neurological symptoms triggered by the overactive 
Kaxp channels in DEND syndrome. Mutations that result in smaller 
functional gain of K^yp chaimels produce a milder phenotype, as 
in transient neonatal diabetes mellitus'"'". 

Type 2 diabetes is widely recognized to be a polygenic disorder 
that is associated with polymorphisms in many distinct genes; 
the combined effect of these polymorphisms contributes to the 
development of the disease, together with environmental factors, 
age, and obesity. A single nucleotide polymorphism at codon 
23 of the KCNJll gene, which causes a glutamic acid-to-lysine 
substitution (E23K) in Kir6.2, has been strongly associated with 
an increased susceptibility to type 2 diabetes across various 
ethnic groups, albeit the underlying pathogenic mechanism 
has yet to be defmed'"'". The E23K variant may possibly cause a 
reduction in the ATP sensitivity of K^xp channels, but the func- 
tional effects of individual polymorphisms linked to polygenic 
disorders are considered to be small. 

Thyrotoxic periodic paralysis (TPP) is a sporadic disorder cha- 
racterized by episodic attacks of flaccid paralysis, hj^okalemia, 
and hyperthyroidism. TPP, which is clinically similar to famiUal 
hypokalemic periodic paralysis, is considered as a potentially 
life-threatening condition because of hjqDokalemia-induced cardio- 
putmonary compromise. The pathogenesis of TPP has long been 
attributed to increased activity of Na*-K* ATPase stimulated by 
elevated levels of thyroid hormone, catecholamines, and insulin. 
Recently, mutations in KCNJ18, the gene that codes for Kir2.6 
channels, have been identified in certain TPP patients™'. Kir2.6 
is an inwardly-rectifying potassium channel that mediates the 
potassium efflux from skeletal muscle cells. It has been reported 
that the outward Kir current is low in intercostal muscle fibers of 
patients with TPP"'. Accumulating evidence suggests that loss of 
Kir2.6 function, together with increased activity of Na*-K* ATPase, 
contributes to the development of hypokalemia and paralysis in 
patients with TPP. Catecholamines and insulin not only stimulate 
Na*-K* ATPase but also inhibit Kir channels'". KCNJ18 has a 
thjrroid hormone responsive element in its promoter region, and 
the expression of this gene is regulated by thyroid hormones at 
both transcriptional and post-translational levels™'. Therefore, 
the genetic susceptibility resulting from mutations in KCNJ18, 
combined with thyrotoxicosis, is considered to predispose certain 



TPP patients to recurrent attacks of hypokalemic periodic paralysis. 
Mutations in other channel genes associated with the TPP phe- 
notype may be found in patients without KCNJ 18 mutations. 

Primary aldosteronism (PA) is the most frequent cause of se- 
condary hypertension. Patients with PA exhibit hypertension, 
high plasma aldosterone levels, low plasma renin activity, and 
varying degrees of hypokalemia and metabolic alkalosis. Aldos- 
terone-producing adrenal adenoma and adrenal hyperplasia are 
common causes of PA. Recently, mutations in KCNJ5, the gene 
that encodes an inwardly- rectifying potassium channel, Kir3.4, 
have been shown to be involved in both inherited and acquired 
PA. Gain-of-fimction effects of Kir3.4 mutations have been sug- 
gested to result in a loss of channel selectivity for potassium and 
increased sodium conductance, which induce the membrane 
depolarization responsible for aldosterone secretion and cell pro- 
liferation in the adrenal cortex'^'. 

Osteopettosis is an inherited metabolic bone disease that is cha- 
racterized by an increased skeletal mass, which is caused by the 
impaired bone resorption that results from a lack or dysfunction 
of osteoclasts. Together, osteopettosis and osteoporosis constitute 
major human skeletal pathologies caused by the imbalance between 
bone formation and resorption. Loss-of-function mutations in 
CLCN7, which encodes the voltage-gated chloride channel 7 
(ClC-7), cause autosomal-dominant osteopettosis type 2 and auto- 
somal-recessive osteopettosis type 4. Loss-of-fiinction mutations 
in OSTMl, which codes for the auxiliary p subunit of the CIC- 
7 channel, give rise to autosomal-recessive osteopettosis type 5. 
ClC-7 channels provide the chloride conductance required for 
exttaceUular acidification, an essential process for bone resorption 
by osteoclasts"'. Studies have been performed to identily specific 
ClC-7 ligands that allow selective modulation of ClC-7 channel 
activity, which can be used to tteat osteopettosis (ClC-7 openers) 
and osteoporosis (ClC-7 blockers)''". 



Channelopathies in the urinary system 

In the urinary system, there are well-characterized channelo- 
pathies affecting the renal tubular system (Table 4). With most of 
these channelopathies, abnormal endocrinological findings have 
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been reported, but the etiologic origin places these diseases in 
this category. 

Mutations in the renal epithelial sodium channel (ENaC), a 
heteromeric complex of 3 subunits (a, p, and y), result in either 
hereditary hypotension or hypertension. ENaC is located in the 
apical membrane of epithelial cells predominantly in the 
kidney, colon, and lung, and the channel plays a major role in 
sodium reabsorption. Loss-of-fimction mutations in the a, P, and y 
subunits of ENaC cause autosomal-recessive pseudohypoaldos- 
teronism type 1 that is characterized by marked hypotension, 
hyponatremia, hj^erkalemia, metabolic acidosis, and failure to 
thrive during the neonatal period. Plasma renin and aldosterone 
levels are grossly elevated, reflecting a peripheral resistance"'. 
This is a potentially lethal salt-losing disorder in neonates and 
infants, which persists into adulthood and thus requires lifelong 
treatment. By contrast, gain-of-function mutations in the P and 
y subunits of ENaC result in Liddle syndrome, an autosomal- 
dominant disorder characterized by hypertension, hypokalemia, 
and metabolic alkalosis. These mutations enhance ENaC activity 
by either increasing open probability or increasing channel 
number in the apical membrane. The overactivity of ENaC leads 
to excessive sodium reabsorption in the distal part of the renal 
tubule. Plasma renin and aldosterone levels are low"'. 

Nephrogenic diabetes insipidus (NDI), which can be inherited 
or acquired and is caused by an impaired response of the kidney 
to the antidiuretic hormone (ADH), results in a decreased ability 
to concentrate urine, which leads to polyuria and compensatory 
polydipsia. Over 50 mutations in AQP2, the gene that encodes 
the water channel aquaporin 2 (AQP2), have been identified to 
cause autosomal-dominant or recessive forms of hereditary NDI. 
These mutations affect the fimction or membrane trafficking of 
the AQP2. Acquired causes of NDI include drugs, renal diseases, 
and electrolyte imbalance (hjqDokalemia and hypercalcemia). 



which have been reported to induce either reduced expression 
of AQP2 or defective AQP2 trafficking to the apical plasma 
membrane"'. 

Bartter syndrome is a clinically and genetically heterogeneous 
group of salt-wasting tubulopathies characterized by metabolic 
alkalosis, hypokalemia, hyperreninemia and hyperaldosteronemia 
with varying severity. Bartter syndrome occurs in five types, 
among which types 2, 3, and 4 result from mutations in ion 
channel genes. Bartter syndrome type 2 is caused by loss-of- 
function mutations in KCNJl encoding an inwardly-rectilying 
potassium channel, Kirl.l. Kirl.l is the apical renal outer me- 
dullary potassium channel that mediates potassium secretion 
from the renal epithelial cells into the tubular lumen, which is 
essential for sodium chloride reabsorption by the apical sodium- 
potassium-chloride cotransporter in the Henle loop and which 
also produces the driving force for paracellular absorption of 
calcium and magnesium. Patients with Bartter syndrome type 
2 uniquely present with initial transient hyperkalemia in the 
neonatal period, which is because Kirl.l is involved in distal 
potassium secretion"". Bartter syndrome type 3 results from loss- 
of-function mutations in CLCNKB, which codes for kidney chloride 
channel B (ClC-Kb). On the basolateral membrane of the renal 
epithelial cells, chloride exits through at least two chloride channels, 
ClC-Ka (in the thick ascending limb) and ClC-Kb (in the thick 
ascending limb and distal convoluted tubule). These chloride 
channels require a p subunit, named barttin, for proper fimction 
and membrane localization. Bartter syndrome type 4A is caused 
by loss-of-fiinction mutations in BSND, which encodes barttin. 
Heteromeric complexes of the chloride channels (ClC-Ka/ClC-Kb) 
and barttin are critical for renal salt reabsorption and potassium 
recycling in the inner ear. Therefore, Bartter syndrome type 4A 
caused by barttin dysfunction and Bartter syndrome type 4B 
caused by loss-of- function of both ClC-Ka and ClC-Kb show 



Table 4. Renal channelopathies 

Disease Channel protein Gene 

Nephrogenic diabetes insipidus, autosomai Aquaporin 2 AQP2 



Pseudohypoaidosteronism type 1 , autosomai-recessive 


Sodium channel, nonvoltage-gated 1, a subunit 


SCNN1A 




Sodium channel, nonvoltage-gated 1, P subunit 


SCNN1B 




Sodium channel, nonvoltage-gated 1 , r subunit 


SCNN1G 


Liddie syndrome 


Sodium channel, nonvoltage-gated 1, P subunit 


SCNN1B 




Sodium channel, nonvoltage-gated 1 , r subunit 


SCNN1G 


Bartter syndrome type 2 


Kirl .1 : potassium channel, inwardly-rectifying, subfamily J, member 1 


KCNJ1 


Bartter syndrome type 3 


ClC-Kb: chloride channel, kidney B 


CLCNKB 


Bartter syndrome type 4A 


Barttin 


BSND 


Bartter syndrome type 4B 


ClC-Ka: chloride channel, kidney, A & ClC-Kb: chloride channel, kidney B 


CLCNKA & CLCNKB 


Hypomagnesemia with secondary hypocalcemia 


Transient receptor potential cation channel, subfamily M, member 6 


TRPMe 


Focal segmental glomeruioscierosis type 2 


Transient receptor potential cation channel, subfamily C, member 6 


TRPC6 


Polycystic kidney disease type 2 


Polycystin 2 


PKD2 
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sensorineural deaftiess as well as renal salt-wasting tubulopathy' . 

Familial hjqDomagnesemia with secondary hypocalcemia (HSH) 
is an autosomal-recessive disorder resulting from mutations in 
TRPM6, the gene that encodes the TRPM6 channel. Patients present 
with severe hypomagnesemia and hypocalcemia, which lead 
to generalized seizures and tetany shortly after birth, typically 
during the ftrst month of life. If the disease is left untreated, most 
patients die or suffer severe neurological damage. Hj^ocalcemia 
is secondary to parathyroid failure and parathyroid hormone 
resistance due to chronic and severe magnesium deficiency. TRPM6 
is a magnesium- and calcium-permeable cation channel that 
is predominantly expressed in intestinal epithelia and kidney 
tubules. Loss-of-function mutations in TRPM6, which inactivate 
TRPiVie channel function, have been reported to cause defective 
intestinal absorption of magnesium and abnormal renal loss in 
HSH™'. 

Gain-of-function mutations in TRPC6 channels have been iden- 
tified to cause an autosomal-dominant form of focal segmental 
glomerulosclerosis (FSGS), FSGS type 2, which is characterized 
by proteinuria and progressive decline in renal function. TRPC6, 
which plays a crucial role in intracellular calcium signaling, 
is expressed in the glomerular epithelial cells (podocytes) and 
associates with nephrin and podocin, key components of the 
glomerular slit diaphragm. TRPC6 activity at the slit diaphragm 
is considered critical for regulating podocyte structure and func- 
tion. Foot processes of podocytes and the slit diaphragm form an 
essential part of the glomerular permeabUily barrier. In FSGS, the 
loss of the permeability barrier's integrity results in proteinuria. 
Dominant gain-of-function effects of TRPC6 mutations have been 
demonstrated to increase channel activity and calcium influx 
by altering the channel's gating property or enhancing channel 
density in the membrane""'. Intracellular calcium overload is 
thought to induce podocyte injury and dysfunction, disrupting 
the integrity of the permeabUily barrier. 

Autosomal-dominant polycystic kidney disease (ADPKD), the 
most common inherited kidney disease, results from mutations 
in polycystin 1 or 2. Folycystin 2 is the TRPP2 channel, a member of 
the TRP family, which mediates infracellular calcium signaUng 
and regulates cell growth and differentiation. TRPP2 channels 
localize to the cQia of renal epithelial cells, where they function 
as mechano-sensors that allow calcium influx in response to 
changes in fluid flow. Mutations altering the subcellular localization 
and/or function of TRPP2 have been described in approximately 
15% of patients with ADPKD (designated as PKD type 2). Most 
of these mutations have gain-of-function effects on TRPP2, 
which increase channel activity and calcium influx. Enhanced 
calcium influx in affected cells may lead to impaired cell growth 
and differentiation, which predispose to tubular cyst formation'"'. 
Although the precise mechanism by which increased calcium 
currents contribute to pathologic manifestations of this disease 



remains unknown, one of the clues may be found in a recent 
demonstration that impaired activity and abnormal subcellular 
localization of non-mutated TRPV4 channels contribute to renal 
cystogenesis in a rat model of autosomal-recessive polycystic 
kidney disease"^'. 



Channelopathies in the immune system 

Antibodies against ion channels and associated proteins 
expressed on the surface of neurons or muscle cells have been 
implicated in a variety of neurological pathologies ranging from 
myasthenia gravis (MG) to certain forms of encephalitis (Table 5). 
Typical paraneoplastic antibodies generally target infracellular 
antigens and are not likely pathogenic. However, antibodies res- 
ponsible for autoimmune channelopathies, often arising under 
paraneoplastic conditions, directly affect the kinetics and/or 
membrane density of ion channels or damage cells expressing 
the channels, which accounts for the favorable response shown 
by most patients to immunotherapies. Autoimmune channelo- 
pathies have been increasingly found in all age group""". 

MG is the prototype of autoimmune channelopathies. Most 
MG patients have autoantibodies against muscle nAChRs ex- 
pressed on the postsynaptic membrane of muscle cells. These 
antibodies reduce functional nAChRs by direct block of function, 
complement-mediated damage to the cell membrane, and increased 
receptor endocytosis and degradation (a process referred to as 
antigenic modulation)"'''. Antibodies against MuSK, which is 
required for nAChR clustering, have been identifled in a subset 
of MG patients without nAChR antibodies, reminiscent of the 
pathogenesis of certain cases of congenital myasthenic syndrome 
that is a clinically similar but distinct disorder (see p. 5). 

Autoimmune autonomic ganglionopathy (AAG, also called 
autoimmune autonomic neuropathy) is an acquired form of 
autonomic neuropathies in which autoantibodies bind to the a3 
subunit of the neuronal nAChR located in ganglionic synapses 
of sympathetic, parasympathetic, and enteric nervous systems. 
Patients present with symptoms of diffuse autonomic failure, 
such as orthostatic hypotension, hypohidrosis, frxed and dilated 
pupils, dry eyes and mouth, urinary retention, and constipation 
or diarrhea. Ganglionic nAChRs mediate fast synaptic transmission 
in autonomic ganglia. Autoantibodies against ganglionic nAChRs 
impair cholinergic synaptic fransmission, leading to the conse- 
quent symptoms of autonomic failure in AAG"*"'. 

Lambert-Eaton myasthenic syndrome (LEMS) is a presynaptic 
disorder that is characterized by proximal muscle weakness, 
autonomic dysfunction, and areflexia. LEMS results from an 
autoimmune process in which autoantibodies react against 
presjmaptic P/Q type voltage-gated calcium channels (VGCCs). 
Presynaptic VGCCs are involved in the depolarization-induced 
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calcium influx that causes neurotransmitter release from nerve 
terminals. Autoantibodies against VGCCs are known to deplete 
the channels, reduce calcium influx, and cause a reduction of 
acetylcholine release. Approximately 50% of patients with LEMS 
have an underljdng malignancy, such as small cell lung cancer 
(SCLC) in which SCLC cells express VGCCs on their surface, 
suggesting a cross reactivity of antibodies with presynaptic 
VGCCs. Accumulating evidence indicates that VGCCs also play a 
pathogenic role in certain patients with paraneoplastic cerebellar 
degeneration associated with SCLC'"'. 

Neuromyotonia (NMT) is a form of peripheral nerve hyperexci- 
tability that is characterized by muscle fasciculations, cramps, 
pseudomyotonia (slow relaxation following muscle contraction), 
hyperhidrosis, and variable paraesthesias. NMT can be inherited or 
acquired. Evidence of a channelopathy can be found in one type of 
acquired NMT, called Isaac syndrome, in which autoantibodies 
are directed against a-dendrotoxin (a-DTX)-sensitive voltage- 
gated potassium channel (VGKC) complexes expressed in motor 
and sensory nerves. The a-DTX-sensitive VGKC complex consists 
of a VGKC (a Kvl tetramer with auxUiaiy p subunits) and associated 
proteins, such as leucine-rich glioma inactivated protein 1 (LGIl), 
contactin-associated protein 2 (CASPR2), and contactin-2'^'^'. VGKCs 
help repolarize depolarized cells and prevent repetitive discharges. 
Autoantibodies against components of VGKC complexes result in 
loss of functional VGKCs, reduced outward potassium currents, and 
spontaneous repetitive firing of action potentials, which leads to 
peripheral nerve hyperexcitability and enhanced muscle con- 
traction"''. A combination of NMT and CNS manifestations (e.g., 



insomnia, confusion, hallucination, delirium, and amnesia) can 
be detected in Morvan syndrome, in which most patients have 
VGKC complex antibodies, predominantly against CASPR2''*'. 
Cramp-fasciculation syndrome is another phenotype of peripheral 
nerve hyperexcitability that can be caused by VGKC complex 
antibodies, and this disease is characterized by the occurrence of 
severe muscle ache, cramps, and twitching in otherwise healthy 
individuals'"". 

Limbic encephalitis (LE) is the most common CNS syndrome 
associated with increased levels of VGKC complex antibodies. 
LE is characterized by acute or subacute amnesia, confusion, 
seizures, and personality change or psychosis, with a high signal 
in the medial temporal lobes on MRI (indicating swelling and/or 
inflammation). Autoantibodies against ion channels other than 
VGKC have also been reported in LE patients, including antibodies 
against a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptor (AMPAR), GABAg receptor, and N-methyl-D- 
aspartate receptor (NMDAR)'"''. LE can arise as a paraneoplastic 
syndrome. Most LE patients have antibodies against the LGIl 
component of VGKC complexes and do not usually have a tumor, 
whereas a small proportion of LE patients have CASPR2 anti- 
bodies and display an increased incidence of thymomas"'". 

Anti-NMDAR encephalitis is characterized by sequential clinical 
manifestations that proceed from psychosis, amnesia, confiision, 
dysphasia, and seizures into dyskinesias, and autonomic and 
breathing instability, typically requiring management in the 
intensive care unit. Anti-NMDAR encephalitis is recognized as 
the most prevalent antibody-associated encephalitis and the 



Table 5. Autoimmune channelopathies 

Disease Main channel protein Tumor association 

Myasthenia gravis Cholinergic receptor, muscle nicotinic Thymoma in about 1 0%' 



Autoimmune autonomic gangiionopathy 


Cholinergic receptor, neuronal nicotinic, a3 subunit 


Uncommon'*'' 


Lambert-Eaton myasthenic syndrome 


Calcium channel, voltage-gated, P/Q type 


SCLC In about 50%'" 


Paraneoplastic cerebellar degeneration 


Calcium channel, voltage-gated, P/Q type 


SCLC, etc."" 


Isaac syndrome 


a-dendrotoxin-sensltlve voltage-gated potassium channel complex 
(mainly CASPR2) 


Thymoma In about 20%"" 


Morvan syndrome 


a-dendrotoxin-sensltlve voltage-gated potassium channel complex 
(mainly CASPR2) 


Thymoma, etc.™' 


Cramp-fasciculatlon syndrome 


a-dendrotoxin-sensltlve voltage-gated potassium channel complex 


Thymoma In <20%*' 


Limbic encephalitis 


a-dendrotoxin-sensltlve voltage-gated potassium channel complex 
(mainly LGIl) 


Uncommon™' 




AMPAR: a-amlno-3-hydroxy-5-methyl-4-isoxazolepropionlc acid receptor 


Thymoma, SCLC, etc. In about 70%"" 




r-aminobutyric acid B receptor 


Thymoma, SCLC, etc. In about 50%"" 


Faclobrachlal dystonic seizures 


a-dendrotoxin-sensltlve voltage-gated potassium channel complex 
(mainly LGIl) 


Rare""' 


Anti-NMDAR encephalitis 


NMDAR: N-methyl-D-aspartate receptor 


Ovarian teratoma In <50%'''' 


Neuropsychiatric systemic lupus erythematosus 


NMDAR: N-methyl-D-aspartate receptor 


Not paraneoplastic 


Neuromyelitis optica 


AQP4: Aquaporin-4 


Rare^"' 


LGIl , leucine-rich glioma Inactivated protein; CASPR2, contactin-associated protein 2; SCLC, small cell lung cancer. 



14 http://dx.doi.Qrg/10.3345/kjp.201 4.57.1.1 



Korean J Pediatr 2014;57(1):1-18 



second most common immune-mediated encephalitis after acute 
disseminated encephalomyelitis'". A substantial proportion of 
patients with this disease are children and young adults with 
or without an associated tumor. The frequency of underlying 
tumors (usually ovarian teratoma) depends on age and sex and 
is lower in younger patients. Patients have antibodies against 
the NIVIDAR in blood and cerebrospinal fluid and exhibit high 
intrathecal synthesis of the antibodies. The NMDAR, a non- 
selective cation channel, is a glutamate receptor that modulates 
excitatory neurotransmission and synaptic plasticity in the CNS 
and plays a critical role in memory, learning, mood, and behavior. 
Anti-NMDAR antibodies have been demonstrated to lower the 
membrane density of postsynaptic NMDARs by enhancing receptor 
internalization and degradation, which can lead to reduced ex- 
citability of GABAergic neurons expressing NMDARs at high 
levels and to the deregulation of excitatory pathways'"'. In more 
than 50% of patients with systemic lupus erythematosus (SLE), 
autoantibodies that react with NMDARs also cause neurological 
and psychological manifestations, which are often described as 
neuropsychiatric SLE''^'. 

Neuromyelitis optica (NMO) is a severe inflammatory demyeli- 
nating disorder that primarily affects the optic nerves and spinal 
cord. Patients develop symptoms of optic neuritis and fransverse 
myelitis, including blindness, paralysis, sensoiy defects, and bladder 
dysfiinction, with frequent relapse and increasing disability. Most 
patients have autoantibodies against aquaporin-4 (AQP4), the main 
water channel in the CNS that is predominantly expressed on 
astrocytes'^'. Asfrocytes perform many important functions in 
the CNS, including the regulation of neurofransmission, immune 
responses, blood flow, and energy metabolism, and the maintenance 
of the blood-brain barrier (BBBf *'. Autoantibodies against AQP4 
have been suggested to induce complement-mediated astrocyte 
damage, local inflammatory reactions, and BBB disruption. 
These initial reactions are predicted to lead to oligodendrocyte 
injury, demyelination, neuronal damage, and the subsequent 
clinical manifestations of NMO"'. Alternative underljting me- 
chanisms for the disorder have also been proposed, including 
antibody-mediated internalization of AQP4s and glutamate 
fransporters, and antibody-induced activation of effector cells, such 
as natural-kiUer cells, which cause cytotoxicity in asfrocytes'^'. 



disease mechanisms, pathogenic alterations of the expression, 
localization, and/or function of non-mutated ion channels or 
proteins that are not ion channels may be found in many chan- 
nelopafhies, as exemplified in familial hypokalemic periodic pa- 
ralysis and congenital myasthenic syndrome. These mechanisms 
may provide new targets and approaches for devising novel 
therapeutic sfrategies. 

Gap junctions are specialized plasma membrane domains in 
which arrays of channels mediate the passage of ions and small 
molecules between cells. Although gap junction channels have 
not yet been classified into specific channel families described in 
this review, they share ion channel properties and modulate both 
electrical and metaboKc intercellular communication. As predicted, 
dysfunction of gap junction channels causes a wide range of 
diseases, including blindness, deafhess, hereditary spastic para- 
plegia, cardiac arrhythmia, X-linked dominant Charcot-Marie- 
Tooth disease, certain integumentary disorders, and craniofacial, 
dental, and skeletal anomalies. Ongoing research on gap junction 
physiology may offer novel insights into the molecular and cel- 
lular mechanisms of channelopathies. 

Although most channelopathies affect only one or a few organ 
systems as described herein, this general theme may not be just 
because the associated channel subtype has a tissue/organ-specific 
expression pattern. For example, AQP4 and TRPC6, which are involved 
in NMO and FSGS type 2, respectively, are also expressed in other 
tissues or organs, such as the kidney (AQP4) and smooth muscle 
(TRPC6), in which they do not manifest pathological phenotypes. 
It is possible that a milieu or associated protein(s) make ion chan- 
nels at a specific location exhibit increased susceptibility to a 
pathological condition. Better understanding of the structure and 
fiinction of ion channels and their related proteins should elucidate 
the mechanisms that can provide molecular targets for intervention 
in the pathophysiological process of diseases in this rapidly growing 
field of medicine. 
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Future perspectives 

The list of channelopathies is expanding so rapidly because of 
recent advances in our understanding of the role of ion channels 
in human physiology and pathophysiology. Emerging topics 
regarding potential entries to the list include certain types of 
cancer""', leukemia'", psychiatric disorders"", gastrointestinal 
diseases^', and additional nervous system disorders"'™'. As for 
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